Inorganic cesium-lead-halide perovskites (CsPbX 3 , where X = Cl, Br, and I) have recently emerged as promising semiconductors for photovoltaic and light-emitting devices. In this study, we investigate electronic and vibrational properties of CsPbX 3 using the density-functional-theory calculations. We explicitly evaluate k-dependent electron-phonon scattering rates of the polar longitudinal-optical phonon modes. The transport property at room temperature is then computed based on Boltzmann transport theory within the relaxation-time approximation. The computational results identify the fundamental limit of the carrier mobility and its dependence on the halide species. Our results show that different choices of X lead to the variation in the mobility by a factor of 3 to 5 depending on the carrier concentration between 10 15 and 10 18 cm −3 . The preferred carrier type (electron or hole) in terms of the mobility also varies with X . Through the detailed analysis on the band structures and scattering rates, we provide insights into the role of halide species in the transport properties.
I. INTRODUCTION
Organic-inorganic hybrid lead-halide perovskites with a chemical formula of APbX 3 , where A is an organic cation and X is Cl, Br, and I, have emerged as semiconductors that may lead to a breakthrough in photovoltaic (PV) devices [1, 2] . The power conversion efficiency (PCE) of the PV cell based on APbX 3 has improved in a spectacular way over the past few years, exceeding 20% as of now [3] . In addition, APbX 3 has exhibited high photoluminescence quantum efficiency (PQE) [2] , triggering active research studies toward light-emitting devices. However, the organic-inorganic hybrid perovskites have stability issues under ambient conditions, posing a critical hurdle against actual commercialization [2, 4] . Since this instability stems from mainly A-site organic cations, attention is being directed toward developing all-inorganic lead-halide perovskites [5] [6] [7] [8] [9] [10] [11] [12] .
The cesium-lead-halide perovskite (CsPbX 3 ) is attracting increasing attention owing to outstanding optoelectrical properties and good stability. It has been demonstrated that the device performance of CsPbX 3 is as high as those of hybrid perovskites, while the device stability has improved significantly [4, 10, 11] . Despite growing interest, understanding on the fundamental properties CsPbX 3 is still insufficient. In particular, the carrier transport properties, which limit the current characteristics of PV and light-emitting devices, have been poorly understood. For * thehoya84@gmail.com example, measured mobilities of single crystal samples are rather scattered over a wide range [approximately 10-1000 cm 2 /Vs] [8] [9] [10] [11] [12] . In addition, the influence of halide elements on the transport properties, a route to tune the optical properties, has not been studied thoroughly.
Theoretically, the transport property of CsPbX 3 has been studied with various approaches. However, the calculated carrier mobility varies widely in the literature; electron (hole) mobilities for CsPbI 3 are 258 [13] and 74 (98) [14] cm 2 /Vs and those for CsPbBr 3 are 48 (41) [15] and 679 (52) [16] cm 2 /Vs. We note that every method involves empirical parameters within the model, which may undermine consistency among the computational results. This inconsistency in calculated mobilities indicates that a fullblown first-principles approach that does not involve any empirical parameter is in demand.
In this work, we theoretically investigate the electronphonon scattering rates and mobility of CsPbX 3 (X = Cl, Br, and I), which are critical parameters affecting PCE and PQE, based on the electronic band structures and zone-center phonon frequencies obtained using the density-functional-theory (DFT) calculations. All the parameters for calculating the transport properties are obtained from first-principles calculations and, therefore, the present approach is fully ab initio. We focus on electron-phonon scattering by polar longitudinal-optical (LO) phonon modes that are the dominant scattering source in polar materials due to polarity and long-range character [17, 18] . The coupling of an electron to the polar LO modes is described by the generalized Fröhlich model [17] . The room-temperature carrier mobility is then evaluated by Boltzmann transport theory within the relaxationtime approximation, providing the intrinsic limit of the mobility. It is found that different halide species vary the mobility by a factor of 3 to 5 depending on the carrier concentration (n c ) between 10 15 and 10 18 cm −3 . In addition, it is found that the preferred carrier type (electron vs. hole) in terms of the mobility depends on halide species. The detailed analysis on the band structure and scattering rates provides an in-depth understanding on the role of halide species in the transport properties.
II. METHODS
The first-principles calculations are performed using the Vienna ab initio simulation package (VASP) [19] with projector augmented waves (PAW) [20] . The cutoff energy for expanding the plane-wave basis is 300 eV and a 6 × 6 × 6 Monkhorst-Pack mesh is chosen for the Brillouin-zone (BZ) sampling. The semicore Pb d state is treated as a valence state. Regarding the exchange-correlation energy functional, we employ the HSE06 hybrid functional with the default 25% mixing of the Fock-exchange energy [21] . This default value slightly underestimates the band gap, but yields the band dispersion similar to GW results, which is critical for the transport property [22] .
CsPbX 3 is known to have various polymorphs depending on the temperature [23] . Here, we choose the hightemperature cubic phase for the simplicity of the computations. Nevertheless, we expect that our conclusions in this work can still be applied to the room-temperature orthorhombic phase because the electronic structure is similar between the two phases [24] even if the slight difference in the mobility can arise from different electronphonon coupling (see Sec. III E). Since the HSE functional requires significant computational resources for phonon calculations, we adopt the PBE functional in evaluating zone-center phonon frequencies while the lattice parameters are fixed to the HSE results. The previous literature confirms the validity of this approach in predicting phonon frequencies [25, 26] . We evaluate the frequency splitting between the polar LO and transverse-optical (TO) modes by considering Born effective charges and high-frequency dielectric constant ε ∞ , as implemented in Phonopy [27] .
III. RESULTS AND DISCUSSIONS
A. Physical properties groups of polar modes (two TO and one LO mode in each group) exist. We find that one group of the lowest polar optical modes has an imaginary frequency at the zone center, which was also found in earlier calculations [30, 31] . This instability implies the presence of a ferroelectric distortion, but x-ray measurements confirm the space group of Pm3m [9] . Marronnier et al. have suggested that Pm3m may have resulted from the dynamic average among different ferroelectric configurations that exist over a smooth potential-energy surface [30] . This ferroelectric distortion is ignored in the present transport calculation because it does not affect the main conclusion, as will be discussed later.
In Table I , we list zone-center phonon frequencies (ω) of stable polar optical modes in cubic CsPbX 3 . T(L)O 1 and T(L)O 2 denote the lower-and higher-frequency modes, respectively. It is seen that every frequency increases with a decreasing atomic number of X . This result is mainly a consequence of different lattice constants of CsPbX 3 because chemical bonds tend to be stronger in more compact structures, leading to higher phonon frequencies [25] . Figure 2 shows the band structures of CsPbX 3 plotted along the high symmetry points in the irreducible BZ. By inspecting the wave functions, we find that the hybridized states between Pb 6s and X np orbitals (n = 3, 4, and 5 for X = Cl, Br, and I, respectively) form the valence-band top, while the conduction-band minimum is mainly contributed by the Pb 6p, X ns, and X np orbitals. It is also seen in Fig. 2 that degeneracy of the conduction bands is lifted at R due to the large spin-orbit coupling (SOC) of Pb [23] .
The effective mass (m * ) at band edges along the R-, R-X , and R-M directions is computed by fitting the band structure (with SOC) along each direction to the hyperbolic dispersion relation:
where α is the nonparabolicity factor and k is the energy of the electronic state. We find that m * has a weak anisotropy displaying the maximum 10% variation between different directions, consistent with previous calculations [32] . The small anisotropy in m * indicates that the band dispersion near the band edges is fairly isotropic. On the other hand, α exhibits significant dependence on the directions. As a result, anisotropy in the band structures is amplified as k shifts away from R. For most applications of CsPbX 3 , the carrier concentration is likely to be lower than 10 18 cm −3 , meaning that the Fermi level lies close to the band edges [33] . Thus, to avoid complications in the transport analysis, we assume isotropic band structures represented by Eq. (1) with averaged parameters for m * and α along the three high-symmetry directions (see Table II ). Figure 3 compares the band dispersion around the conduction-band minimum of CsPbI 3 , which shows that anisotropy is indeed weak and so the band dispersion can be approximated as an isotropic one.
In Table II , m * becomes lighter with an increasing atomic number of X , irrespective of the type of carrier. This X dependence of m * is associated with the energetic positions of the ns and np states of X that contribute to the formation of valence and conduction bands along with the Pb 5s and 5p states; the orbitals of X are higher in energy as n increases, being close to the Pb states. As a consequence, the hybridization between orbitals of X and Pb becomes more efficient with an increasing atomic number of X , leading to more dispersive band structures. The electronic structure of CsPbX 3 has been investigated in previous calculations [32, 34] . The authors of Ref. [34] calculated the band structure using the local density approximation (LDA) and reported the isotropic and small hole effective mass (0.12-0.14m e , where m e is the electron mass), which is in good agremeent with our calculations. However, their electron effective mass is heavier and highly anisotropic (0.20-0.23m e for the Rand 0.54-0.67m e for the R-M direction) because of the absence of the SOC effects in their calculations. On the Table II. 044013-3 other hand, the authors of Ref. [32] computed the band diagram employing the hybrid functional with the SOC effects. Even if they also found the isotropic band dispersion, the absolute values of the effective mass in their calculations (0.2-0.4m e for electron and ∼ 0.2m e for hole) are larger than the present calculations. This discrepancy in m * is attributed to different approaches to calculate the effective mass; we obtain the effective mass from the second derivative of the band dispersion, while it is estimated in Ref. [32] through transport calculations under the constant relaxation time.
B. Scattering rates
The k-dependent scattering rate (τ −1 k ) due to electronphonon interactions is obtained from the Fermi golden rule as follows [35] :
where q and ν indicate the phonon wave vector and phonon mode, respectively, and g qν is the matrix element for the electron-phonon coupling.v k is the unit vector parallel to the group velocity (v k ) and n qν and f k are the BoseEinstein and Fermi-Dirac distributions, respectively. In Eq. (2), the δ functions enforce the energy conservation when a phonon is absorbed or emitted. For the numerical integration, the δ functions are often replaced by smearing functions such as Gaussian or Lorentzian, but this approach requires extremely fine q-point grids to reach a good convergence [36] . Alternatively, we use the analytic form of the band dispersion in Eq. (1), which exactly determines the magnitude of q that satisfies the energy conservation. Thus, Eq. (2) can be evaluated by performing the integration with respect to two angular variables of q in the spherical coordinate without invoking δ functions. We also evaluate v k directly from the band dispersion:
In Eq. 2, we omitted the band index, neglecting the interband scattering. This omission is reasonable because the band-edge states are well separated in energy from other bands, prohibiting interband transitions due to the electronphonon scattering. The electron-phonon matrix element for scattering by polar LO phonon modes can be calculated by the generalized Fröhlich model that is applicable to systems with an isotropic high-frequency dielectric constant and a vibrational spectrum, taking multiple optical phonon modes into account [17] :
where ε 0 and V cell are the vacuum permittivity and the unit-cell volume, respectively, and q scr is the wave vector for the free-carrier screening of the long-range potential. The high-frequency dielectric constants (ε ∞ ) for X = Cl, Br, and I are listed in Table I . Since the highly dispersive band structure of CsPbX 3 allows absorption or emission of phonons with only small wave vectors, phonon frequencies in Eq. 4 are effectively fixed to those at the zone center as shown in Table I . Figure 4 shows the mode-resolved scattering rates in CsPbI 3 at the room temperature as a function of the energy for the electron carrier. The carrier density is set to 10 18 cm −3 . It is noticeable that the LO 2 mode causes higher scattering rates than the LO 1 mode. This result is because g qν tends to increase with the LO phonon frequency [see Eq. (4)]. This phenomenon is common to all CsPbX 3 systems. It is also seen in Fig. 4 that the scattering rates rise faster when the carrier energy crosses the phonon energy of LO modes as the phonon emission starts to contribute to the scattering mechanism.
We note that phonon frequencies in Table I are obtained at 0 K, so they can shift at finite temperatures due to anharmonicity or thermal expansion [37, 38] . In compound semiconductors, the anharmonicity typically leads to frequency shifts of less than 1% when temperature increases from 0 to 300 K [38, 39] . Therefore, anharmonic effects could be ignored in the electron transport calculations at room temperature. On the other hand, thermal expansion of the lattice parameter [9] affects phonon frequencies to some extent, which effectively enhances the scattering rate by approximately 10% according to the present estimation.
C. Mobility
Based on Boltzmann transport theory within the relaxation-time approximation, the carrier mobility μ at a given carrier density is calculated as follows [35] :
where σ is the conductivity. The factor of 2 on the right side accounts for the spin degree of freedom. Since ∂f k /∂ k peaks at the Fermi level, the conductivity is dictated by the carriers near the Fermi level. Since the mobility tensor is a scalar due to the cubic symmetry, we consider a specific direction in the velocity vector (x direction) in Eq. (5). The integration of Eqs. (2) and (5) is conducted numerically using the Matlab software package.
In Fig. 5 , we present the room-temperature mobility as a function of the carrier concentration. It is found that the mobility in CsPbX 3 is nearly constant for low carrier densities (n c < 10 17 cm −3 ). This near-constant mobility is a result of effective cancellation of two competing factors, i.e., the group velocity and scattering rate. Fig. 6 . On the other hand, the scattering rate is rather saturated when the carrier energy becomes a few tens of meV above the onset of absorption of the highest LO modes. As a consequence, carriers experience almost the same scattering rates at high carrier densities, leading to the increase in mobility when the carrier concentration is bigger than 10 17 cm −3 . Figure 5 shows that the carrier mobility increases with the atomic number of halide species. Moreover, while in CsPbI 3 the electron mobility is higher than that of the hole, they are similar in CsPbBr 3 and reversed in CsPbCl 3 . These results could be explained by invoking a simple Drude picture where the mobility is inversely proportional to the effective mass (see Table II ). However, we note that the quantitative difference in the mobility is not fully accounted for by the mass difference alone. For instance, the electron mobility of CsPbI 3 is approximately 4 times higher than that of CsPbCl 3 at n c = 10 18 cm −3 , but the effective mass is only approximately 2.5 times heavier. The remaining difference is associated with the scattering rates, which are higher in CsPbX 3 with lighter halide species, as shown in Fig. 6 . The dependence of the scattering rate on the halide species is related to the density of states (DOS) near the Fermi level; a larger DOS raises the scattering rate by increasing the density of the final electronic states. Because DOS correlates positively with the effective mass, the scattering rates are higher in CsPbCl 3 .
It would be worthwhile to compare the present results on the mobility with the previous calculations mentioned in the Introduction. Since the earlier works did not specify the carrier concentration, we assume their results correspond to the mobility at low carrier concentrations. We estimate the electron mobility of CsPbI 3 to be approximately 290 cm 2 /Vs at room temperature and this result is similar to that in Ref. [13] , which was obtained based on the Feynman polaron model. Regarding CsPbBr 3 , the extant calculations deviate significantly from the present results (by more than 044013-5 a factor of 3). We think that empirical parameters in those works need to be reexamined.
D. Effects of a ferroelectric distortion
In this subsection, we discuss potential effects of the ferroelectric distortion that arises from the instability of the lowest polar optical modes at the zone center. Marronnier et al. showed that displacing Cs and I slightly in the opposite direction stabilizes the soft modes in CsPbI 3 , while it barely affects frequencies of the higher LO modes [30] . Using the frequencies of the lowest polar modes from phonon-band structures in Ref. [30] , we examine its influence on the mobility. Since they did not label specific modes in the phonon spectra and other optical modes are present with similar frequencies, it is difficult to assign frequencies of the lowest LO-TO pair. As such, we select the minimum and maximum values of a frequency range (from 2.48 to 3.40 meV), where the pair is expected to exist, as frequencies of the lowest TO and LO modes, respectively. Because the matrix element in Eq. (4) increases with the LO-TO splitting, this choice represents the maximum possible scattering rate. Nevertheless, the calculation results show that the scattering of the lowest polar LO mode affects the mobility little, causing the reduction of the electron mobility of CsPbI 3 by only approximately 10%. This result is because of the weak electron-phonon coupling in comparison with other polar LO modes due to the lower frequency.
On the other hand, the electronic structure is also affected by the ferroelectric distortion. Because of the absence of the central symmetry in the distorted structure, Rashba splitting occurs in both conduction and valence bands. However, the Rashba effect causes only a small change in the band dispersion and, therefore, rarely influences the scattering rates and mobility [40] .
E. Electron-phonon coupling in orthorhombic phase
We check the impacts of the orthorhombic lattice on the electron-phonon coupling and mobility, focusing on orthorhombic CsPbBr 3 . As mentioned earlier, the generalized Fröhlich model [Eq. (4)] used to obtain the electron-phonon matrix elements in the cubic phase applies to isotropic systems. For anisotropic materials like orthorhombic CsPbX 3 , more general approaches, e.g., explicit first-principles calculations or the Vogl model, are required to obtain the electron-phonon matrix elements. (For detailed information about various methodologies to calculate the electron-phonon coupling, we refer to Ref. [41] .) However, we find that orthorhombic CsPbBr 3 (a = 8.23 Å, b = 8.50 Å, and c = 11.87 Å) has fairly isotropic high-frequency dielectric constants (4.17-4.39, depending on the crystal axis). Moreover, the anisotropy in its phonon dispersion around is also found to be negligible [42] , showing a weak dependence of phonon frequencies on the direction of q. Therefore, assuming that the vibrational spectrum is isotropic in the orthorhombic phase, we employ the generalized Fröhlich model for the electron-phonon matrix elements.
To compute the electron-phonon matrix elements in orthorhombic CsPbBr 3 , we take the directional average of the high-frequency dielectric constants. The frequencies of polar LO and TO modes at the point are needed to evaluate the matrix elements. Since they depend on the q direction, we test two sets of the LO-TO phonon frequencies at : the first one is when q approaches along the -X and the other is along the -Z lines. The two sets of frequencies result in the mobility of 109.4 and 111.7 cm 2 /Vs at the room temperature and carrier concentration of 10 15 cm −3 , respectively, which are similar to each other, as expected from the small anisotropy in the phonon dispersion. Those mobility values are comparable to 132.3 cm 2 /Vs of the cubic phase. This can be explained in terms of the highest polar mode that gives the largest electron-phonon matrix elements and, hence, forms the dominant scattering channel; the frequency of the highest polar LO mode (approximately 17 meV) and the magnitude of the LO-TO splitting (approximately 6.5 meV) in the orthorhombic phase are comparable to those of the cubic phase (see Table I ). Consequently, the impacts of the most relevant phonon mode on the scattering rate are similar in both phases.
F. Comparison with experiments and other calculations
For polycrystalline CsPbI 3 films, electron and hole mobilities of approximately 10-16 cm 2 /Vs have been reported [6, 7] , which is an order of magnitude smaller than the theoretical estimation in the above. In experiment, the grain-boundary scattering may have limited the mobility significantly. One recent study measured the hole mobility of a single crystal CsPbBr 3 to be 143 cm 2 /Vs [12] , which is in favorable agreement with the calculated value. However, as mentioned in the Introduction, the experimental mobility for single crystal samples exhibits a wide range of values [approximately 10-1000 cm 2 /Vs]. The systematic or statistical errors related to different measurement techniques may contribute to such scattered data [43] . We expect that the experimental mobility will eventually converge to the theoretical values via systematic transport measurements on single crystal samples.
The transport properties of organic-inorganic hybrid perovskites have been studied in previous calculations and it would be meaningful to compare them with the present work. Note that the electronic structure near band edges and the vibrational spectrum of hybrid perovskites are similar to those of fully inorganic halide perovskites [14, 23] . In Refs. [13, 44] , the room-temperature carrier mobility of methylammonium lead iodide perovskite (MAPI) was calculated by considering the coupling between electrons and polar optical phonons. The former obtained 57 (40) cm 2 /Vs for the electron (hole) mobility at carrier concentrations smaller than 10 18 cm −3 using the Boltzmann transport theory, while the latter reported 133 (94) cm 2 /Vs employing the Feynman polaron model. It should be noted that the SOC is lacking in the calculations of Filippetti et al. and, therefore, their mobility, particularly for the electron, is likely to be underestimated. Despite some inconsistency in the previous calculations, reported mobilities for MAPI are below the present results for CsPbI 3 . This result implies that fully inorganic halide perovskites are beneficial over hybrid systems in terms of the carrier transport.
IV. CONCLUSION
In summary, we investigate the transport properties of CsPbX 3 using DFT calculations in conjunction with Boltzmann transport theory, considering the polar LO phonon scattering. The calculation of the scattering rates shows that the highest LO mode serves as the dominant scattering channel due to the larger electron-phonon coupling. The mobility turns out to be higher in CsPbI 3 , followed by CsPbBr 3 and CsPbCl 3 , which is explained by the differences in the effective mass and the scattering rates. Through the detailed analysis on the electronic and vibrational properties as well as the scattering rates due to their coupling, our results provide important insights into the role of halide species in the transport properties of CsPbX 3 .
